Using the "giant molecule" technique and existing intermolecular potentials, t~e nor~al modes, phonon and exciton structure, site shifts, site splitting, and orientational effect .for the ISOtOPIC ?enz~ne crystals are calculated. The agreement between the calculations an? the expe~lI~ental observatIOns IS go?d for an H-H, C-H, and C-C potential set independently obtamed by Wllhams from the~modynamlc and structural properties of aromatic crystals. The calc~lation presented here. serves to umfy ?ot only ~he thermodynamic and spectral properties, but also the diverse spectral propertles themse!ves. ThiS calculatIOn emphasizes that all atom-atom interactions, not just H-H interactions, must be conSidered for. ~est agr~e ment between calculated and observed spectral data. This conclusion was also ~eached ~y Wllhams Wlt~ respect to the thermodynamic and structural data. A discussion. of the potent~als, their form,. and their relation to standard exciton theory integrals is presented. Future Improvements m .such cal~ulatIOns must be directed not toward more extensive parametric data fitting of the atom-atom pair potentlal, but toward more gene;al potential functions that include anharmoniciti~s and .m~lticenter terms. The use of actual site force constants rather than free molecule force constants IS also mdlcated.
I. INTRODUCTION
Understanding the binding or cohesive forces in molecular aromatic crystals has been a long-sought-after goal for both theoreticians and experimentalist~ alike. Since anything approaching a complete calculatlOn for all but the simplest systems is prohibitively difficult, the general problem has typically been approached by using a greatly simplified model, usually a reduced set of atom-atom interactions, to simulate the true intermolecular potential function. From this model one tries to calculate the thermodynamic and spectral properties of the crystal. For aromatic crystals for instance it has been popular to ignore all but nearby H-H contacts. 1 • 2 Unfortunately, such calculations accurately render only those properties for which they are designed. In many cases it has not even been possible to transfer the potentials from crystal to crystal for the calculation of identical properties. l . a Parameteric potential calculations are useful only if they are able to reproduce data for many crystals, or if the potentials used to calculate successfully one type of crystal property can be transferred to obtain another.4-6 Thus, it would be quite informative if the set of pairwise atom-atom potentials that have been successfully fit to a large number of thermodynamic or structural properties of many different crystals, could be employed in the calculation of crystal spectral data 7 such as phonons, site splittings, orientational effects, or exciton structure. Such a procedure would not only be satisfying from the point of view of getting more out of the calculation than was put into it, it would be informative in the sense that it would yield an accurate test of the model and its approximations. Furthermore, such a procedure would lead to a better understanding of the relationship between thermodynamic and specSuch a variety of data has been successfully fit tha~ it is reasonable to assume that the atom-atom potentIals employed in these calculations are near optimum at least for the properties discussed. In this paper these same potentials are tested on the spectral data.
. The goals of this work, in the light of the fore~omg discussion, are then, (a) to show that good mtermolecular potentials are not only transferrable from crystal to crystal but are useful in the calculat~on and understanding of many diverse crystal propertIes, (b) to determine what parts, repulsion or attraction, of the intermolecular C-C, C-H, and H-H atom-atom potentials are important for the spectroscopic data, (c) to elucidate what changes in the potentials are to be made if the calculations of such properties are to be improved, and (d) to relate and unify the various spectroscopically observed phenomena such as isotopic mixed crystal spectra, neat crystal spectra, and phonons.
In Sec. II we shall discuss the theoretical considerations 8 leading to the calculation of the crystal normal modes and show that relationship between standard exciton theory9.10 and the "giant molecule approach." 8 We shall further demonstrate how phonons,1·8 exciton structure,1o-l2 ideal mixed crystal energies,7 site group splittings,1 and the orientational effect 7 are interre~ated. Section III will contain a description of the mtermolecular potentials considered. This will be followed (Sec. IV) with a short description of crystal geometry with special emphasis on atom-atom contacts out to 4702 ELLIOT R. BERNSTEIN the primitive unit cell of the crystal is treated as a single molecule whose motion is then assumed to be in phase with that of the rest of the crystal. The technique produces only the k=O or "optically active" modes. s Since it is most simple to determine the force constants in the normal coordinate system, the force field of the molecule 14 (often referred to in this paper as the site 7 ) is expressed in molecular symmetry coordinates, and the intermolecular force field, obtained from the intermolecular potential, is expressed in the intermolecular symmetry coordinate system. Each force field, molecular and intermolecular, is therefore diagonal in its separate coordinate system. In order to add algebraically these two force constant matrices we must transform them to the same coordinate system, and it is most convenient for the present case of weak intermolecular coupling to chose the Cartesian coordinate system of the site. When such a transformation is applied to these matrices one obtains two groups or blocks, a "diagonal block" involving only the coordinates of one site and an "off-diagonal block" involving the coordinates of two sites. The resulting "one-site" force constant matrices (F site + F') yield the force constants of the ideal mixed crystal.l o The neat crystal force constants are obtained from the two-site force constant matrices [F' (I, II), F' (I, III), and F' (I, IV) ] combined with the one-site matrices. These "super matrices," representing the force constants for the ideal mixed crystal or the neat crystal, are then mass weighted and numerically diagonalized, the eigenvalues and eigenvectors being found in the usual fashion. Since the mechanics of the above scheme have been amply represented in the literature/' s we shall merely show here how it is related to the general Davydov formalism. 9 • 10 In the Davydov scheme the energy, to first order in the crystal site wavefunctions, of the "optically active" transition is given bylO where ~I is the gas-phase transition energy, /1 1 is the site shift, and Lfa(k=O), or simply LJa(O) , is the first-order Davydov energy associated with the fth excited molecular state and the ath representation of the interchange group. The site shift term t:./ is composed of a site polarization term P and the usual Davydov D term. In the present vibrational problem P is probably caused by changes in the molecular force constants due to changes in the electronic eigenfunctions when the molecule is immersed in the crystal. The ideal mixed crystal energylO (no resonance interactions) is given by (2) Approximately, where M t is the coupling constant for translationally equivalent molecules along the t( =a, b, c) axis, M Iq couples interchange equivalent molecules I and q (q = II, III, IV), and the aqa's are coefficients determined from the interchange group character table.
We assume that the intramolecular force constant matrix Faite of the molecule at the site is the same as that of the free molecule, F mol ' Within the framework of Eq. (1), such an approximation is equivalent to neglecting the site polarization energy P, thereby setting /1 = D. This approximation is believed to be fairly reasonable because we are dealing with ground state vibrations where the gas-to-crystal shifts are small ( ;S 1 % of Ela) .7 The assumption can indeed be checked by the calculation itself as we do not vary the potentials to obtain final agreement. Any other approximations made in this calculation deal with the potential functions and force constants and will be discussed explicitly in the next section.
Hence, the force constant matrix for the neat crystal can be written as 
F mol and F' paralleling the ~I and b/ terms of Eq. (2). Equation (5) is simply the "diagonal" or one-site component of the crystal force constant matrix for a unit cell. This force field gives, for the ideal mixed crystal, the orientational effect and the site splitting of degenerate molecular states since F' has the site symmetry Ci .
III. THE POTENTIALS AND FORCE CONSTANTS
As discussed in the last section, calculation of the ground electronic state vibrational frequencies of the crystal will be accomplished through the use of intraand intersite force constants. It has been assumed the intrasite force constants are the molecular ones. We then proceed with the determination of the inlersite force constants and further divide these into "diagonal" (paralleling D) and "off-diagonal" (paralleling Lfa) contributions to the unit cell vibrational energy.
The intermolecular force constants are found from the intermolecular potential by making the harmonic approximation, that is, by assuming that the force constant is the second derivative of the potential function V(l). deBoer 15 has shown that nonspherical repulsion terms can be best represented in the form of a potential that decreases exponentially with distance. The attractive part of the interaction can be represented by an induced-dipole-induced-dipole term.
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An over-all interatomic potential function is then represented at this level of approximation as Table r .
Potential 15 was derived to find the A constant necessary to fit potential 13 to the desired form.
'" o 10.0 We next assume that the molecular interaction potentials can be broken down into sums of pairwise atom-atom interactions (H-H, C-H, C-C). For example,
The second derivative of the potential function with respect to the r;/s gives the force constant for the atom-atom interactions, Table I ). Note that these "10 potentials are determined in sets and that ~ . they pair (16, 22) , (17, 23) , (18, 24) , ~ and (19, 25) . The best results are ob-ttained from (16, 22 
matrix.
Before specifically discussing how the various A, B, and C parameters can be obtained, let us review the approximations that have been made. To begin with, the P term and any higher order contributions lO were omitted. The pair-wise intersite interaction terms are represented by a pair-wise sum of two-center atom- atom interactions. From these terms we extract only the harmonic contributions to the intermolecular force constants. The neglect of three-and four-center terms in the repulsion energy could be somewhat serious since such terms can account for as much as 5% of the lattice energy.17 It is further assumed that the attractive terms in the interaction, those that hold the crystal together, are simply given by London dispersion terms. We completely ignore directional interactions such as "1I'-cloud interactions" or any other type of bond-bond coupling or polarization not already explicitly present in the atom-atom potential function. Of course, underlying all these approximations is the Ubiquitous BornOppenheimer separation. Any improved calculation must address itself directly to these approximations. Certainly a fairly easy next step would be to include anharmonicities and to use actual site force constants rather than free molecule force constants in the calculation. The former is necessary to take care of the widespread occurrence of Fermi resonance in the crystal while the latter seems to be required to obtain better agreement between calculated and observed site shifts (vide infra). Three-and four-center terms in the potential functions must also be evantually considered. We now resort to the bulk crystal properties to find the best parameters for the potential model to be used in the present calculation.
The best information concerning the potentials is thermodynamic. Such considerations have been extensively discussed by Kitaigorodskii 4 and Williams. 5 One can characterize the equilibrium structure of a molecular crystal by a minimum in the free energy. In addition, the stress and strain tensors and the elastic constants can be represented, respectively, as derivatives of the entropy and free energy of the crystal,18 Knowing the enthalpy of sublimation, the stress and strain tensors, and the elastic constants experimentally for a number of closely related crystals therefore enables one to evaluate the intermolecular potentials. The results of such calculations have recently been made available. 5 From these calculations it is found that the relative molecular orientation in the crystals is probably dominated by atom-atom repulsions of which H-H interactions have often been assumed the most important. 2 On the other hand, C-H and C-C interactions are the largest over-all contributors to the total energy and in contrast to the assumptions of Ref. 2 have been found to contribute substantially to the relative molecular orientations in the crysta1.
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In Table I are found the A HH , BHH, and CHH parameters for a number of potentials discussed in the literature, including those given by Williams. 5 The force constants derived from some of these potentials are plotted in Figs. 1-3. Williams' potentials seem clearly superior in view of the wide range of data they fit. They were obtained by simultaneously fitting the heat of sublimation, crystal structure, and elastic moduli of TABLE II. Direction cosines of the molecular axes (x, y, z) with respect to the crystallographic axes (a, b, c) for molecule I at nOK. Data obtained by using computer program described in Ref. 22 . (Table I ). These C-C force constants pair with the C-H and H-H potentials of Fig. 2 such that the sets are (16, 22, 26) , (17, 23, 27) , (18, 24, 28) , and (19, 25, 29) . benzene, naphthalene, anthracene, phenanthrene, pyrene, chrysene, terphenylene, perylene, and ovalene.
IV. THE CRYSTAL STRUCTURE, ATOM-ATOM DISTANCES, AND THE MOLECULAR GEOMETRY
The crystal structure of benzene has been determined to be D 2h 15(Pbca) with four molecules per primitive unit cell all occupying equivalent sites of inversion symmetry. 20 The molecules are labeled I, II, III, and IV in accordance with the notation of Cox et al. 20 For molecule I, the carbon atoms are double indexed counterclockwise 11, 12, 13, 21, 22, 23, and the hydrogen atoms are labeled 31, 32, 33, 41, 42, 43, as given in Fig. 4 . The molecular axis system is the right-handed system with the y axis through C n and H 3l , the x axis lies between C22, H 22, and C23, H 43, and the z axis is perpendicular to x and y. All the other molecules are generated from I using the operations of the D2 interchange group. This technique uniquely creates sites II, III, IV in such a fashion as to preserve the atomic numbering system and the right-handed coordinate system. It also specifies the phasing of the crystal site states.l° Explicitly, C2 s I = II, C 2 bI = III, and C 2 "I = IV, where C 2 B,b,c in the full crystal represents twofold screwaxis operations about the a, b, or c crystal axes, respectively.
The detailed crystal structure parameters to be used in the calculations were obtained from the neutron diffraction data of Bacon et al. 21 H-atom positions are accurately determined, and the temperature of the neutron diffraction experiments (138°K) is close to the temperature at which the spectral data were obtained (77°K). The direction cosines between the crystal a, b, c axes and the site x, y, z axes obtained from the neutron diffraction data are given in Table II . Atomatom contacts were computed from the reduced atomic positions and cell parameters of Bacon et al. 21 and extrapolated to 77°K using the CRYR~ crystallographic program. 22 The results out to 4.0 A for all unique contact distances are given in Table Ill d EXl'erimental ~ is determined to ±4 cm-I due to the uncertainty in the gas-phase values. As discussed in Ref. 7. when the gas and liquid values differ by more than the experimental error, the liquid value is the one to use.
e References 11 and 12. Measured from the center of gravity of the exciton components except for the degenerate u vibrations for wbich only the 6 Bu components are used to determine the center of gravity. All expericomponents except for the degenerate u vibrations for which only the 6 Bu components are used to determine the center of gravity. All experimental numbers are ±O.5 em-I, f For vibrational bands for which only some of the 8 or 4 components are experimentally observed (e.g .. the g vibrations), we refer the components to the IMC value (±0.5 em-I).
g Shifts and splittings due in part to Fermi resonance. h Very broad ("-'20 em-I) in mixed crystal.
other three translation ally inequivalent molecules), each unique contact generates three others, related to it by the crystal symmetry. It can be seen from the distribution of atom-atom contacts in the table that seriously misleading conclusions might be reached if just one type of contact were employed in the calculation.
From an examination of the potentials and the force constants as a function of distance (Sec. III and tables and figures), the contacts for C-H and H-H interaction were cut off at 3.4 A and the C-C interaction at 4.0 A. At greater distances the intermolecular atomatom force constants are less than 10-3 mdyn/ A and no longer significantly contribute to the crystal vibrational energy. It should be noted that these cutoffs eliminate any interaction between translation ally equivalent molecules since such interaction distances are at least 5 A. Thus, the translational shift V(O) =0, and the ideal mixed crystal frequency is the center of the neat crystal exciton band for non degenerate states. This had been assumed in earlier work ll in order to interpret the vibrational exciton data. are experimentally observed (e.g., the g vibrations), we refer the components to the IMC value (±O.5 em-I).
• Experimental tl is determined to ±4 cm-1 due to the uncertainty in the gas-phase values. As discussed in Ref. 7. when the gas and liquid values differ by more than the experimental error, the liquid value is the one to use. a The meaning of "Sites" is discussed in the text. b Signs for both calculated and experimental values [Refs. 7 (a) and 7(b)] are relative to the component of intermediate frequency when all three components are resolved. This convention. which is different from that used in our earlier papers, was adopted for convenience of comparing calculated and observed splittings since tbe assignment of the observed components is not known. For the theoretical data the notation H or L is used to indicate that an accidental degeneracy occurs in the high (Il) or low (Ll frequency pair of components. The most intense experimental line is labeled Il or L depending upon whether it is the high or low frequency
V. RESULTS OF THE CALCULATION AND DISCUSSION
Tables IV and V contain the calculated optical phonons for C6H6 and C 6 D 6 . For C6H6 (Table IV) given. Gas-to-crystal (site) shifts A, site splittings oss, and exciton structure for these isotopic benzenes are presented in Tables VI (C 6 H 6 ) and VII (C 6 D6)' Again, along with the experimental data,7·11.12 all five potentials are given for C6H6 while only the set I calculated values are tabulated for C 6 D 6 . The ideal mixed crystal site effects of sym-C6HaDa, C6H5D, and p-C 6 H4D2, calculated (set I) and observed values,7 can be found in Tables VIII, IX , and X, respectively. From Tables IV and VI, it is clear that much of the experimental spectroscopic data are moderately well reproduced using the H-H, C-H, and C-C potential set I of Williams. 5 The result is quite satisfying, as set I of all the potentials we have considered is also the one that best fits the thermodynamic and structural data for many aromatic crystals. Although set I of Williams is found to give the best agreement with all the combined data, some calculated properties for certain of the vibrations simply do not agree with measured values. It is believed that these discrepancies could be caused by the neglect of threeand four-center terms or of anharmonic contributions to the potentials. For example, crystal-induced Fermi resonance brought about by these anharmonicities was not taken into account, even though it is known to be of importance in certain instances. The occasionally poor agreement in the site shift A, in particular the trend towards negative shifts in the experimental values (vide infra), may simply be caused by the neglect in our calculation of such crystal-induced Fermi resonance as has been discussed in Refs. 7, 10, and 11. Moreover, we have assumed at the beginning that the force constants Fsite and F mol are identical, or conversely that the P term in the Davydov representation was zero, 
A. Phonons
It can be seen from the calculated C6H6 data for the various potentials (Table IV) that the phonons are most sensitive to the form and size of the intermolecular force constants. The calculated values using potential set I for both C6H6 and C6D6 (Table V) lattice modes are good; the only significant differences between observed and calculated frequencies are two B20 phonons of both C6H6 and C6D6 and one B2u phonon of C6H 6.
Three g lattice modes of A 0, B20, and B30 symmetry are inactive and cannot be experimentally observed directly.23,24 Qualitative arguments have predicted them to be degenerate with certain observed ones. 24 Since the other phonons are so well calculated we must reject these arguments and place the unobserved B20 phonons at 135 cm-1 (C 6 H 6 ) and 125 cm-1 (C6D 6) and the unobserved B30 phonons at 125 cm-1 (C6H6) and 115 cm-1 (CJ)a), while the unobserved A g mode in both cases should lie at ,......,100 cm-1 . These modes may be sensitive to intermolecular anharmonicities or many-center interactions. Recently CaHa lattice modes of u symmetry have been observed 2a and again rough estimates have been used to assign their polarization properties. Our calculations however require that the phonons be reassigned as given in Table IV . The sensitivity of the phonon assignments to potential function indicates the necessity of using good potentials and of considering all types of atom-atom interactions in crystal calculations. Improved calculations should in the future cause such theoretically based assignments to be even more reliable than those presented here.
B. Exciton Structure (CaHa and CaDa)
While the potential set that gave the best agreement between the calculated and experimental results for the phonons is also the best potential here, the exciton structure of CaH6 and CaDa seems less accurately described by our model (see Tables VI and VII) . With few exceptions, however, the general trends are reproduced. It is clear that the experimental data are far from complete as not all components of the bands are observed. Polarization data 27 are scanty and those available are from low resolution spectra. Furthermore, the existing data on g vibrations of CaD6 cannot be interpreted,1O--12 and, especially for the 1117, 1118, and 1115 modes and the 115 and IIg modes of CaDa, there is strong interaction between some of the vibrations. These difficulties make a straightforward comparison between the calculated and observed exciton structure not always possible. Bands for which this is the case are indicated in the tables. However, there are cases of real disagreement (1115 and 1112 of CaHa in particular). All that can be said here is that although the potential model does with few exceptions predict the over-all magnitude of the splitting and order of the exciton components, the detailed structure of the bands is not always obtained. Again this indicates the possibility that anharmonic or multicenter terms are important, especially for such a complex phenomenon as exciton structure. The exciton structure of many CaHa bands, notably Ill, 112, lIa, IIg, 1110, lin, 1114, 1116, 1117, 1118, and 1I19 are, however, quite well characterized by our model. No comment can be made about lIa, 114, lila, and 1120 due to lack of good experimental data for these vibrations, while for CaDa only lin, 1112, 1114, and lila can be compared for agreement. C. Gas-to-Crystal (Site) Shift Site shifts have been calculated for all the isotopes and are tabulated here for CaHa, CaDa and sym-CaHaDa (Tables VI, VII , and VIII). Data are presented for these isotopes alone since the experimental data are most reliable for them. Agreement between theory and experiment is a direct check on the approximation in which the site distortion energy is assumed small (P=O in this calculation), and would indicate that the entire shift is due to the D term or the "diagonal" contribution of the intermolecular force field to the force field of the site. Disagreement between theory and experiment would throw doubt on this approximation.
Site shifts have been discussed extensively recently7 and the problems involved with accurately measuring them have been enumerated (increased Fermi resonance in the condensed phase, gas-phase experimental error for unresolved bands, to mention two). Nevertheless, the data presented in Tables VI, VII , and VIII indicate the agreement between the theoretical model (employing potential set I) and the observed values is generally pretty good. Three bands however show complete variance between the calculations and the experimental findings in all the isotopes: 119, 1115, and 1118. The calculated shifts are all much too large for these vibrations. For 1115 the calculated exciton structure was also found to be incorrect, while the exciton splittings for 119 and 1118 were represented well by the theoretical model. It is interesting to note that these three vibrations are HII modes in which both the carbon and the hydrogen atoms move parallel to one another in the molecular plane, but in opposite directions.
D. Site Group Splitting
The splitting of a degenerate vibration into two crystal site states has previously been discussed for benzene. 7 .
10 Only CaHa, CaDa, and sym-CaHaDa have degenerate molecular fundamentals and thus show this effect. In the present approach it is the force constants of the ideal mixed crystal (Fmo1+F' = F UIC ) that give rise to the experimental site splitting OS8' Tables VI, VII, and VIII contain both the calculated and observed values of os. for these isotopes. Agreement is again very good using potential set 1. (In CaDa 1118 and 1117 are in Fermi resonance and the experimental splittings of 117 and 1120 are also perturbed by Fermi resonance in all the isotopes.)
It is necessary to comment on lIa, 118, and 119 of CaHa and sym-C6HaDa. The calculations predict that 0.s'6(CaHa) =0.7, 0.?6(CaRaDa) =2.0, and 0.:6(CaDa) = 1.1 cml , while the observed values are 3.1, 1.7, and 1.2 cm-\ respectively. The experimental value for CaRa appears to be out of line with both the calculated and the observed 0 8 .'6 for the other isotopes. For the C6R6 band (116+111), in Fermi resonance with 118,0 88 = 1.2 cm-1 . It is difficult to understand why for a given vibration of one isotopic modification the atom-atom potential would appear to give correct results while it does not for another. Likewise the site splitting in the 118 band of CaR6 and sym-C6RaDa [also in Fermi resonance with (116+111) ] is difficult to understand. The same problem arises in 119 where the calculated and experimental values agree for sym-CaHaDa but not at all for C6Ha.
ELLIOT R. BERNSTEIN E. Orientational Effect
The orientational effect,7 calculated by changing the relative numbering of the mass matrix with respect to the site force constant matrix, has been obtained for all isotopes of lower than Dah symmetry. From symmetry arguments 7a . 28 it is expected and has been verified by direct calculation that C 6 H 6 , C 6 D 6 , and sym-C6HaDa do not show an orientational effect in the C i crystal site. The experimental data and calculated results for C 6 H5D and p-C 6 JLD2 using potential set I are given in Tables IX and X. The agreement in most cases is good. It should be pointed out that while the calculated splittings are always known in an absolute sense ("sites" 1, 2, 3 referring to a deuterium substitution position), the experimental ones are arbitrarily determined( i.e., the specific orientation of the molecule in the site, relative to the crystal axes, is unknown). Thus the calculated sign of the orientational effect is of little significance when we compare these numbers with the experimental results j the quantity that is of concern is the "splitting" pattern or the relative positions of the lines with respect to one of them. Again interactions between vibrations that are orthogonal in the gas phase but not orthogonal under the reduced symmetry of the site make comparison between experimental and calculated numbers not meaningful in some cases.
V. CONCLUSIONS
The most important conclusion of this work is that the model of pairwise, atom-atom, interaction potentials is a quantitatively reasonable one for the calculation of intermolecular interactions (exciton structure, phonons, site shifts and splittings, and the orientational effect) and that such potentials are not only transferable from crystal to crystal for the thermodynamic and structural data but to spectroscopic properties as well. To improve the calculation of such crystal properties and site effects, attention must be directed to the approximations upon which this model is grounded. Therefore, general potentials that take into account three-and four-center interactions, and force constants that include anharmonic contributions should be considered if one is to fit the experimental results more faithfully. Some way of evaluating, and including if necessary, the effect of site polarization on the electronic structure and force constants should be found. Further, this calculation graphically demonstrates the need to consider all atom-atom interactions and not just H-H terms. Indeed, grossly misleading results and conclusions can be obtained by assuming only one set of interactions is important. In conclusion we remark that no isotopic effects are obvious in the calculations, 
